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FOREWORD 

This  report  wu  prepared  by  the  Grew  Stations  Section,  Hunan  Engin¬ 
eering  Branch,  Behavioral  Sciences  Laboratory,  6570th  Aerospace  Medical 
Reaearoh  Laboratories,  under  Project  No,  7184,  "Hunan  Performance  in 
Advanced  Systems,*  Task  No.  718405,  "Design  Criteria  for  Crew  Stations  in 
Advanced  Systems." 

The  effort  reported  herein  was  suggested  and  initiated  by  Captain 
John  C.  Simons,  6570th  Aerospace  Medical  Research  Laboratories.  The  mathe¬ 
matical  statement  of  the  problem  was  prepared  by  Captain  R.  P.  Vachlno, 
Directorate  of  Systems  Dynamic  Analysis.  Others  who  assisted  and  cooperated 
in  themaearch  and  the  preparation  of  the  report  were:  Mr.  L.  M.  Varshavsky, 
Mr.  R.  T.  Harnett,  Mr.  F.  NLuman,  and  Mr.  C.  Shoals,  Directorate  of  Systems 
Dynamic  Analysis,  Aeronautical  Systems  Division}  and  Dr.  M.  J.  Warrick,  6570th 
Aerospace  Medical  Research  Laboratories;  and  the  subjects  who  volunteered 
their  time  and  valuable  criticisms. 
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ABSTRACT 

Hunan  perform noe  vu  Minnd  la  a  alnulated  ahort-range,  ooplanar- 
arbital  rendervoue  task.  CTbital  conditions  and  vehicle  dynanioa  vara 
programs!  on  an  analog  ooa^utar.  Two  ayatena  of  vehiele  oontrol  and  one 
ays ten  of  lafoxnatlon  diaplay  vara  imraatigated.  Performance  orltarla 
Included  lapaot  velocity,  foal  a— ptlea,  and  trenafer  tine  raqulrad. 
Coaparieona  vara  —do  between  oontrol  ayatena  and  batvaas  initial  oonditlcna. 
Subjects '  parfor—noa  vaa  battar  with  an  orthogonal-axee  ,  thrust-control 
aysten  than  vlth  a  pitch  attitnda  and  one-exla  thruat-oontrol  ays  tan.  Tba 
aianlatad  direct-vision  targat  d  la  pi  ay  vaa  found  to  ba  —rglnally  aeoeptable. 
Suggestions  about  oontrol  ayatena  and  rendeavoua  taehniquaa  are  Included  In 
the  report. 
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HUMIV  FEtTCRMAVCI  IV  A  SOCIUTXD 
S8CRT  ORBITAL  TRAVSHBR 


I.  IVTRODUCTIOH 

Three  readily  discernible  differences  exist  bstwssn  the  flight  oharactar- 
istlos  of  ataosphsrle  vehicles  and  those  of  speee  Tehlolee  orbiting  a 
planetary  mm.  These  differences,  due  both  to  the  laok  of  air  resistaDoe  In 
space  and  to  the  offsets  of  a  Tehl ale's  orbital  notion,  asy  be  stated  briefly 
as  follows t 

(1)  Space  Tshicle  rotation  end  translation  notions  Mgr  be  node 
independently  of  each  other.  A  space  Tahiels  nay  rotate  about  ary  of  its 
exes  without  effecting  its  Telocity  or  it  nay  translate  along  any  axis 
without  prior  rotation  and  without  affecting  its  attitude. 

(2)  An  orbiting  space  vehicle  will  nslntaln  its  orbital  notion 
without  the  application  of  any  thrust.  Such  a  vehicle  will  risln  in  its 
original  orbit  mrtil  power  is  applied.  After  thrust  la  applied,  the  vehicle 
will  travel  in  an  altered  orbit  or  will  intercept  or  escape  the  body  it  was 
orbiting. 

(3)  The  flight  path  resulting  fren  the  application  of  thrust  to  an 
orbiting  vehicle  will,  whan  viewed  fron  that  vahiole,  appear  to  be  curved 
rather  then  a  straight  line. 

These,  and  other  less  iaportant  differences,  neks  the  tasks  of  ataoepharle 
and  space  flight  significantly  different  fron  eaoh  other.  The  two  tasks  are 
sufficiently  different  to  have  prapted  a  great  deal  of  research  exploring 
pilot  perfomanee  in  sinulated  space  flights.  The  aspect  of  parfomanoc 
that  has  been  the  focus  of  nost  laboratory  investigation  is  the  question  of 
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ha— a  oapaoity  to  aooeapliah  randasroua  with  an  earth  orbiting  vehicle. 
Intarast  in  orbital  raodasroua  la  atlanlatad  by  antlelpatlon  that  thia 
nation'*  apaoa  program  will  raqulr#  rsodaavous  capability  la  future 
apaoa  vehicle*. 

Th«r«  appear*  to  b#  a  growing  aoooptaae*  of  tha  oonoept  that  a  huaaa 
pilot  oaa  oontribute  rail  ability  to  tha  total  nlaaiea  and  praolalaa  to  tha 
tamlaal  phaaaa  of  tha  randasvous  — nearer*  To  tha  aztant  that  tha  haaaa 
oparatar  can  indeed  function  affectively  aa  a  controller  or  a  data  prooessar, 
ha  oan  raplaoa  alaetro  — ehaaloal  equip— at.  To  tha  octant  that  ha  can 
raplaoa  auob  aqulp—nt,  ha  can  raduoa  boo* tar  weight  and  ooat  and  oootrlbuta 
to  tha  overall  rail  ability  of  tha  alMlon.  To  explore  tha  po— ibility  of 
attaining  thaaa  go  ala,  raodasroua  ainulation  atudlaa  hare  base  —da  to 
dafi—  tau— n  randaaroua  eapabilltlaa  with  rarlad  initial  oondltlo—  and  with 
rarlad  dlaplaya  and  oontrola  prorldad  for  tha  oparatar* 

Latin  and  Hard  (raf.  3)  eonaludad  that  a  ha— a  oparator  v—  a  highly 
oapabla  alaaant  of  a  randaaroua  ayat— .  In  a  ooplanar  randaaroua  taak 
thaaa  authora  prorldad  tha  subject  with  infor— tlnn  that  lnoludad  an 
osoillosoope  display  of  tha  positions  of  both  tha  pilot's  rahlela  and  his 
tar  gat.  Controls  prorldad  for  forward  and  rersraa,  and  upward  and  downward 
thrust.  Latin  and  Hard  found  that  thslr  subjects  oould  parforn  terminal 
raodasroua  — nautara  with  groat  praolalon* 

rrim  (raf.  2)  using  a  sinulator  with  displays  similar  to  Isrin  and 
Ward's  and  oontrola  auppl— antad  by  pitoh  capability,  found  that  subjeeta' 
ability  to  randasto—  w—  highly  dependent  upon  training  and  aat.  A 
Kuabsr  of  Fr*a— n'a  subject*  found  tha  randaato—  task  so  dlffloult  that 
thay  "appeared  so— what  Irritated  with  lack  ef  aooonpllah— nt  and  requested 
that  they  be  permitted  to  tamlnata  tha  apart— nt*" 

In  a  6  degree  of  freed—  sinulator  that  prorldad  attitude  oontrola  and 
forward  thrust,  Brins enden,  at  al  (raf*  1)  abandoned  oaoilloaoopa  dlaplaya 
In  favor  of  aa  all  dialed  laatnawnt  display  pa— 1.  Results  of  tha  study 
lndloated  that  hu— a  pilots  oould  aaocnpllah  randaaro—  auooaasfully  under 
ralatlraly  adrarsa  oondltlo—  if  adequate  displays  and  oontrola  were 
prorldad* 

In  o—  section  of  their  study  Woloviea,  Or  aka,  and  Vida—  (raf*  4)  used 
a  direct-  viaual-obe arrat ion  presentation  of  tha  randasroua  target*  They 
found  that  tha  display  —a  adequate  for  randaaroua,  partiolularly  If 
auppl— nt  ad  by  raags  rota  information. 

Tha  variety  of  apparatus  configurations  and  of  aapari— ntal  nathoda 
rapraaantad  In  arallabla  randasroua  —ports  la  indicative  of  tha  relative 
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newness  of  such  roooaroh  and  of  tho  largo  number  of  pertinent  quaatloza 
th«t  rmaain  unanevered. 

Purposes  of  tho  Study 

Tho  purpose  of  tho  present  study  was  to  determine  Mother  a  human  pilot 
oould  tuoooasfully  aoocmplish  abort  ooplanar  tranafars  botvoon  orbiting 
vehicles  if  bo  woro  provided  with  only  minimal  display  and  control  equipment, 
for  this  rondoiroua  simulation  experiment  tho  inrostigator  aasunod  that  tho 
total  weight  of  tho  pilot,  bis  transfer  vehicle,  and  his  life  support  system 
was  250  pounds.  Ubdor  this  assumption  tho  pilot's  Tohiolo  can  bo  nothin 
■ore  oooplex  than  a  gyros oopio  stabilisation  unit  and  an  individual  pro¬ 
pulsion  unit.  The  inrostigator  assumed  that  tbs  pilot  would  reealve  no 
■ore  display  information  than  ho  oould  obtain  by  visual  observation  of  tho 
target  satellite.  Vehicles  or  propulsion  units  of  this  nature  are  being 
proposed  for  use  by  personnel  transfarlng  between  earth  orbiting  vehicles 
and  by  personnel  performing  maintenance  or  assembly  tasks. 

The  subjects  in  the  experiment  were  provided  with  two  different  types 
of  simulated  propulsion  control  systems.  Che  purpose  of  the  study  was  the 
comparison  of  the  influence  of  the  two  systems  upon  human  rendesvous  capa¬ 
bility.  The  experimenter  hoped  that  some  data  might  also  be  obtained  that 
would  indicate  whether  rendesvous  range,  relative  orbital  position,  or 
Initial  vehicle  attitude  had  any  effects  an  the  pilot's  ability  to  complete 
successful  interception  of  his  target. 

The  current  experiment  was  also  designed  to  provide  the  experimenter  with 
experience  and  insight  into  the  pilot  problems  of  orbital  rendesvous  to 
facilitate  future  investigations. 

The  pitch  and  thrust  values  of  the  simulated  oontrol  systems  were  based 
on  the  oontrol  parameters  of  research  equipment  tested  on  sero-grsvity 
aircraft  flights. 
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II.  METHOD 


MKgjg 

Th#  orbital  r#nd#svous  slwlator  mod  In  the  study  oonsist«d  of  display*, 
control*,  and  analog  oonputar  equipment.  Tbs  ocnponaata  wars  arranged  in 
th#  nomal  do* ad-loop  alnulatar  pattern  (fig.  1)  with  the  subject  Inelvdad 
as  part  of  th#  simulation  loop. 


Tlgur#  1 
Simulator  loop 


Th#  target  aatelllto  with  which  th#  subjects  war#  required  to  randesvous 
was  r«pr#s#nt«d  on  th#  fao#  of  an  osoillosoop#.  The  osoiUosoop#  was  a 
17-ineh  ITT  Modal  1735D.  Th#  target  satallit#  was  r#pr#s acted  by  a  pair  of 
ooneentrio  circles.  Th#  out#r  oirol#  ainulatad  the  artr#ne  rtlaanslcns  of 
a  150-foot  diaastar  spharieal  satallit#.  Th#  lunar  olrola  r#pr#aant#d  a 
landing  spot  or  dock  o#nt«r#d  on  the  surf  ao#  of  th#  target.  Th#  ainulatad 
landing  spot  was  4-fa#t  in  disaster.  Area  th#  subjects 1  normal  viewing 
distano#  of  24  inches,  th#  o«ollloseop#  elreles  subt#ad#d  th#  san#  angles 
that  an  actual  150-foot  satallit#  would  subtend  wh«n  viewed  froa  the  ranges 
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alaulated  la  the  ■  tudy.  The  full  mtmb  of  tho  oacillosoope  subtended  a 
vertical  viewing  angle  of  28  degrees* 

Tho  28^egreo  agio  vu  thought  to  bo  fairly  representative  of  tho  flold 
of  view  provided  by  o  perisoopo  la  a  —oil  rondoavoua  vehicle.  Iran  tho 
reotaagular  coordinate  grid  with  l/lCUlneh  graduation*  oa  tho  faoo  of  tho 
ooollloooopo  oould  bo  duplicated  oa  a  vahlole  porlooopo*  Tho  target  display 
vao  an  las  Ida  out  (fly- to)  dlaplay  with  tho  aoving  oloaoat  la  tho  display 
roproeontlog  tho  target  rather  than  tho  operator)  1*  o.,  aa  tho  aubjoot 
pitohod  or  throated  hla  vehiole  downward  tho  target  aovod  upward  la  tho 
display,  aa  tho  aubjoot  pitohod  or  thruatod  hla  Tohiolo  upwaurd  tho  target 
aorod  downward  oa  tho  aoreenj  aa  tho  aubjoot' a  vehiole  approaohod  tho 
target  tho  olroloa  grow  la  disaster,  appropriate  to  tho  extent  to  whloh  tho 
aubjoot  had  oloaod  with  tho  target.  Since  tho  study  treated  only  rondoavoua 
with  tho  target  and  the  Tohiolo  la  oonlanar  orbits,  only  fore  and  aft  thrust 
and  vertical  notion  wore  required  of  tho  rendezvous  vehicle.  Tho  analog 
ocaputer  enabled  tho  subjects  to  induce  those  actions  in  their  aiaulatod 
Tohiolo. 
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Coatrolo 

Both  of  the  oontrol  systeno  inreetigated  in  tho  Audy  permitted  tho 
eubject  to  MuuTir  his  rshiole  to  a  aueoeaaful  rendesroue  with  tho  target 
satellite.  Tho  subjeet'o  rehiole  woo  presumed  to  bo  otobilisod  relative 
to  tho  local  Tortioal  about  tho  pitoh,  roll,  and  yaw  axes. 

Cfao  oontrol  oyaten  proridod  pitoh  and  fore  and  aft  throat  for  tho  oubjoet'o 
vehicle;  tho  other  eyaton  proridod  fore  and  aft  thrust  and  upward  and  downward 
thrust.  Tho  fomor  a  ye  tea  will  hereinafter  bo  rofarrod  to  as  tho  pitoh- thrust 
system,  and  tho  latter  will  bo  sailed  tho  orthogonal-thrust  syateau  Figure  2 
illustrates  tho  notion  capabilities  of  tho  rondosrous  vehiole  under  tho  two 
oontrol  systeas.  ' 


TO  TARGET 


PITCH -THRUST 
SYSTEM 


ORTHOGONAL  THRUST 
SYSTEM 


Figure  2 

Motion  Capabilities  Proridod  by  Two  Control  Tjst— 


In  both  ays  tens  the  subject  operated  two  oontrol  sticks  whioh  proridod 
oontrol  inputs  to  his  rehiels.  Figures  3  and  4  illustrate  tho  poeitione  of 
tho  oentrols  rolatiro  to  tho  subjeet  sad  tho  display.  In  both  systsns  tho 
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flfo re  3 

Subject  Seated  at  Controls  -  (Fitch-Tlirust  System) 

left  hand  atlok  oeetrolled  fora  and  aft  thruat  of  the  subject 'a  vehicle.  The 
control  was  a  spring-loaded,  return-to-centar,  one  d  Inane  Ion  control  stick. 

Tha  lever  am  of  the  stick  van  8  Inches  long,  bad  a  total  travel  of  45  degrees 
forward  of  center  and  an  equal  travel  backward  froa  center.  A  foroe  of  1  pound 
was  required  to  produce  a  stick  novment  of  15  degrees.  In  use,  as  the  subjeot 
pushed  the  left-hand  stick  forward  he  applied  forward  thrust  to  his  vehicle} 
as  ha  pulled  the  stick  backward  fTon  tha  center  position  ha  applied  reverse 
thrust  to  his  vehicle)  applied  thrust  was  directly  proportion*!  to  stiok 
displacement  as  shown  in  figure  5.  A  full  displaoanont  (45  degrees)  of  the 
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Figure  4 

Subject  Seated  at  Controls  -  (Orthogonal-Thrust  System) 

stick  frcn  lta  center  position  resulted  in  a  Tehicle  acceleration  of  3  feet 
per  second  per  second.  For  exaaple,  if  the  stiok  were  pulled  fully  backward 
and  held  there  for  5  seconds,  Tehicle  Telocity  would  hare  been  reduced  by 
15  feet  per  aaoond,  if  the  stiok  were  held  at  the  extreme  forward  position 
for  5  seconds,  Telocity  would  hare  been  increased  hr  15  feet  per  seoond. 
Thrust  alveys  acted  along  the  longitudinal  ads  of  the  subjeot's  rehlole. 

After  a  aubjeot  had  appllsd  thrust  and  had  released  his  thrust  oontrol  stiok, 
hla  Tshlola  would  oentlnue  to  nora  at  a  constant  Telocity  In  a  trajectory 
acted  upon  only  by  the  aeohanles  of  hla  orbit,  until  ba  applied  rerarae  thrust 
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Figure  5 

Fore-Aft  Accelerations  Resulting  from  Various  Control-Stick  Displacements 

In  the  pitch- thrust  eye ten,  the  right-hand  stick  controlled  Tehiole 
attitude.  This  stick  was  mechanically  the  sane  as  the  thrust  stick.  With 
this  stick  the  subject  could  central  the  pitsh  angle  of  his  vehicle,  and  since 
he  could  altar  the  attitude  of  his  vehicle,  he  could  control  the  direction  in 
which  thrust  was  applied,  relative  to  the  earth  and  the  target  satellite. 

That  is,  the  subject  could  alter  his  vehicle's  attitude  and  by  applying  thruat 
along  a  non  horlsoutal  line  of  sight  change  his  vehicle's  altitude.  If  the 
right  stick  were  pushed  forward,  the  subject's  vehicle  pitched  down  (or 
forward),  if  the  tick  wore  pulled  back,  the  vehicle  would  pitch  up  (or  back). 

The  rate  of  change  of  pitch  angle  was  proportional  to  stiok  displacement, 
with  foil  displacement  providing  a  pitch  change  of  3  degrees  per  second. 

Thus,  if  the  subjeot  held  the  right  hand  control  fully  back  for  4  seconds,  his 
vehicle  would  hare  pitched  up  12  degrees.  In  the  experimental  situation  this 
naans,  of  course,  that  the  target  satellite  would  hare  moved  downward  12  dagrees 
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on  the  display.  When  the  pltoh  stick  was  released,  the  subject's  rendezvous 
Tehiole  was  stabilised  at  its  new  attitude. 

In  the  orthogonal- thrust  system,  the  right-hand  control  stick  controlled 
•vehicle  altitude  by  providing  upward  or  downward  thrust.  When  the  orthogonal- 
thrust  system  was  in  use,  the  right  hand  stick  could  be  rotated  on  its  base  to 
the  position  shown  in  Figure  4.  The  subject  could  increase  his  vehicle's 
altitude  by  moving  the  stick  upward  and  could  move  his  vehicle  downward  by 
moving  the  control  downward.  Such  thrust  applied  to  the  vehicle  was  reflected 
by  appropriate  changes  in  the  subject's  display.  Vertical  acceleration  was 
proportional  to  stick  displacement,  with  lunrlmam  stick  movement  producing  an 
acceleration  of  3  feet  ■  er  second  per  second.  After  a  subject  had  applied 
vertical  thrust  and  ;.ad  released  the  control  stick,  his  vehicle  would  continue 
to  reove  vertically  until  the  velocity  attained  vas  cancelled  by  a  reverse  thrust 

Computer 


Control  inputs  ware  fed  into  analog  computer  equipment.  The  computer  was 
programmed  with  the  equations  of  orbital  motion  and  produced  the  display  and 
display  motion  appropriate  to  the  orbital  motions  of  the  vehicles  and  the 
subject's  control  Inputs.  The  computer  also  produced  the  eritarlon^maaaure 
outputs.  Tha  analog  equipment  used  consisted  of  the  standard  16-31  series 
computer  manufactured  by  Eleotranio  Associates,  Inc.  Tha  ooagwmants  Included 
60  amplifiers,  80  attenuators,  2  servo  multipliers,  4  servo  resolvers,  5  elec¬ 
tronic  multipliers,  and  5  diode  function  generators. 

Subjects 

Five  rated  Air  Force  officers  participated  as  subjects  in  the  data  oollaot- 
lng  part  of  the  study.  A  non  pilot  civilian  served  as  an  additional  subject  and 
contributed  data  for  one  portion  of  tha  analysis  as  noted  later. 

Procedure 


Subjects  were  required  to  pilot  a  simulated  interoeptor  vehicle  to  a 
rendesvous  with  a  target  satellite  in  a  ooplanar  orbit.  Both  the  vehicle  and 
the  target  satellite  verm  In  olroular  orbits  approximately  200-nautioal  miles 
above  the  earth's  surface.  At  tha  beginning  of  eaoh  trial  tha  subject's 
vehlole  had  veloolty  relative  to  tha  target  satellite  appropriate  to  the 
orbital  conditions  for  that  trial. 

Training 

Although  ell  of  the  subjects  had  seme  appreciation  of  the  nature  of  the 
orbital-rendezvous  task,  an  ctsnsive  instruction  program  was  undertaken  with 
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•aoh  subject  prior  to  tha  data- taking  trials. 

Baoh  subject  first  road  tha  "Orbital  Rendezvous  Study  Instructions" 

(Appendix  I)  which  axpl&inad  tha  gansral  nature  of  the  rendezvous  task.  Baoh 
subjaot  was  than  introdueed  to  either  tha  pitch- thrust  or  tha  orthogonal-thrust 
oontrol  system,  and  read  tha  instruotioas  appropriate  to  that  systma  (Appendix  I). 
Tha  subjaot  was  seated  at  tha  subjaot '■  station  (fig.  3  sad  4)  mid  observed  the 
display  and  fanillarised  hlnsalf  with  tha  oontrols.  Using  tha  assigned  control 
system,  tha  subjaot  than  attempted  to  fly  his  vehicle  to  a  rendezvous  with  tha 
target  satellite.  Tha  oonputer  was  programed  for  a  rendezvous  trial  with  its 
starting  point  at  T1  as  seen  in  Figure  6.  Figure  6  also  indicates  the  orien¬ 
tation  of  the  pilot's  vehiole  relative  to  the  earth  and  tha  target.  In  some 


Initial  fo3itions  of  Interceptor  Vehicle  an^  Target  Satellite 
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initial  positions  the  pilot  vu  upeide  down  (simulated)  relatiT#  to  the  e  arth. 

The  sub j  eat  repented  runs  frcn  T1  using  the  assigned  oontrol  systen  until  ha 
eonpleted  two-sueceseivs  suoosesful  rendesroua.  The  criterion  of  suoosss  was 
simply  landing  or  impact  on  the  target.  The  subject  was  than  introduced  to 
the  other  oontrol  systen  and  read  the  instructions  appropriate  to  it.  He  then 
was  required  to  practice  with  the  new  systen,  starting  each  trial  froai  initial 
point,  Tl,  until  he  eonpleted  two- successive  successful  runs.  Then  using  the 
tuo-control  systens  in  the  sans  order,  the  subject  had  to  reach  the  same 
criterion  of  success  with  each  systen  starting  from  point  T2  as  seen  in  Figure  6. 
This  eonpleted  the  training  session.  During  the  entire  training  period,  the 
subject's  questions  were  answered  and  the  experimenter  continued  to  make 
suggestions  to  improve  the  subject's  technique.  The  duration  of  the  average 
training  period,  held  the  day  before  the  data  trials,  was  approximately  6  hours. 

Experimental  Task 

The  task  of  the  subject  during  the  data  gathering  period  was  to  fly  his 
vehicle  te  a  rendezvous  with  the  target  satellite.  Each  subject  made  five  runs 
with  each  oontrol  systen  from  each  of  four  different  initial  positions.  The 
order  in  which  starting  points  were  assigned  wes  randomised.  The  initial  points 
are  identified  as  Dl,  D2,  D3,  and  04  in  figure  6.  The  first  two  of  each  set  of 
five  runs  were  considered  orientation  rune  that  aarvad  to  faniliarisa  the 
subject  with  the  peoullaritlee  of  flying  a  rendesvous  from  that  particular 
initial  position  and  orientation.  Data  ware  recorded  on  the  final  3  trials 
of  cash  sat  of  5  for  each  position-control  ooshinatlon.  Approximately  P 
minutes  simps  ad  between  the  runs  from  any  particular  starting  position; 
approximately  5  minutes  were  allowed  between  the  final  trial  from  one  position 
and  the  first  trial  from  ths  next  position.  During  the  intertrial  interval 
the  experimenter  reported  results  to  the  subject.  After  successful  trials  ths 
experimenter  reported  the  el  speed  tine  and  the  impest  velocity  of  the  subject's 
vehicle  on  the  target.  After  unsuccessful  runs  ths  experimenter  reported 
whether  the  subject  had  overshot  or  undershot  the  target,  and  the  distance  by 
which  the  target  was  missed. 

During  each  trial  the  computer  traced,  on  an  x-y  plotter  not  visible  to 
the  subject,  the  path  followed  by  the  subject's  vehicle.  After  each  trial  the 
experimenter  recorded  the  velooity  of  impact  of  ths  vehicle  upon  the  target, 
the  time  required  to  effect  the  rendesvous,  and  ths  amount  of  fuel  consumed 
by  the  subject's  vehicle.  Runs  were  terminated  if  the  subject  passed  by  the 
target  at  suoh  a  distance  or  with  such  a  velooity  that  the  experimenter  judged 
that  it  would  bo  improbable  that  the  subject  would  be  able  to  effect  a  suooeeaful 
rendesvous. 
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Kxparlnsntal  D— in 

The  subject1!  primary  task,  as  emphasised  la  the  Instructions,  vu  to 
lntarospt  tho  target  satellite.  Secondarily,  ho  woo  to  try  to  oeneerva  both 
fuel  and  tint  whila  achieving  tho  rendesvous,  and  load  on  tho  target  with  a 
low  Telocity.  Tho  interception  data  vara  recorded  aa  a  auooeao-f allure 
dlohoto^r  for  eaoh  data  run.  With  the  inclusion  of  criterion  <kta  from  a  sixth 
subject,  a  IfUoooMi  Matched-Fairs  Signed-Hanks  tost  could  be  conducted  to 
determine  whether  the  two  control  systems  in  the  study  differed  significantly 
trm  eaoh  other  in  permitting  the  subjeots  to  land  on  the  target.  Data  from 
the  sixth  subject  were  used  in  the  Ulloaxon  test  only,  and  hare  been  neither 
used  nor  reported  in  any  other  part  of  this  report. 

Target  interception  data  from  the  fire  principal  simulator  pilots  vers 
subjected  to  a  Friedman  two-way  analysis  ef  variance  to  determine  whether  the 
degree  of  interception  success  is  dependent  upon  the  starting  point  of  the 
rendesrous. 

Impact  Telocity,  elapsed  time,  and  fuel  consumption  data  are  presented 
graphically,  as  are  the  results  of  time  and  fuel  date. 

The  95  per  cent  confidence  level  wee  selected  for  conducting  teats  of 
significance  on  the  data. 
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III.  RBSDIffS 


Aft «r  the  training  period,  all  subjects  were  able  to  rendearoue  with  the 
target  satellite  using  either  the  pitch- thrust  or  the  orthogonal- thrust 
control  system.  The  subjects  did  not,  however,  attain  equal  degrees  of  success 
with  the  two  systems.  Ieoh  subject  piloted  three  data  trials  or  runs  from 
each  of  four  different  starting  points  with  e  aoh  control  system.  The  six 
subjects  who  contributed  data  to  the  first  part  of  the  analysis,  therefore, 
provided  data  from  72  trials  with  a  aoh  control  system.  Of  the  72  trials  with 
the  pitch- thrust  system,  46  resulted  In  rendezvous  with,  or  lapeot  on,  the 
target.  With  the  orthogonal- thrust  system,  the  subjects  were  able  to 
Intercept  the  target  on  all  72  trials.  The  orthogonal-thrust  system  thus 
yielded  100  per  cent  hits  or  successes  while  the  subjects  were  able  to  achieve 
rendezvous  only  64  per  cent  of  the  tine  with  the  pitch- thrust  system.  The 
Vilooxon  Matched-Pairs  Signed-Ranks  test  applied  to  the  data  permits  us  to 
conoltde  that  a  significant  difference  exists  between  the  two  systems  compared 
on  the  criterion  of  frequency  of  hits  attained  with  each.  Details  of  the 
WUoaxon  test  ere  shown  in  Table  1. 


TABU  I 

Source  H  T 

Control  Systems  6  0 


P 

.05 


If  the  data  contributed  by  the  sixth  subject  are  removed  from  oonaideratiom, 
the  sueoess  of  the  five  military  pilot  subjects  with  the  two  systems  may  be 
considered.  Such  procedures  show  that  the  Air  Force  subjects  achieved  Impact 
with  the  target  100  per  osnt  of  the  time  linen  using  the  orthogonal-thrust 
system  but  only  58  per  cent  of  the  time  with  the  pitch-thrust  controls.  Raw 
date  for  the  five  Air  Fores  sub j  acts  are  presented  to  Appendix  III. 

Since  the  subjects  achieved  a  perfect  rendezvous  record  with  the  orthogonal- 
thrust  system,  the  starting  point  of  a  trial  evidently  had  no  influence  on  the 
subject's  ability  to  intercept  the  target  while  using  the  orthogonal  controls. 
Successes  with  the  pitch- thrust  system  were  not,  however,  evenly  divided  between 
starting  points.  Figure  7  showe  the  relative  lumbar  of  bits  soared  tram  each 
starting  position  with  a  aoh  control  system.  The  reader  should  not#  that  the 
approach  angle  and  initial  range  are  ocapletely  confounded  in  the  present 
design.  Hereinafter,  the  starting  points  shall  be  referred  to  by  the  range 
associated  with  each. 
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Figure  7 

Relative  Success  of  Rendezvous 


Using  tha  pi  tab- thrust  system  tbs  five  subjects  achieved  rendezvous  on 
90  per  cent,  60  per  a  ant,  47  per  osnt,  sad  47  per  cent  of  the  trials  from, 
respectively)  the  2000- ,  4000-,  6000- ,  sad  8000-foot  starting  positions. 

These  relative  suooess  data  for  the  pitch- thrust  system  were  subjected  to  a 
Preldman  Two-Way  Analysis  of  Variance  by  Ranks.  la  spite  of  the  differences 
in  the  data,  the  Frisdaaa  test  failed  to  indicate  the  existence  of  a  statisti¬ 
cally  significant  difference  between  the  different  starting  positions. 

Interception  of  the  target  satellite  was  the  subject's  primary  task,  but 
consideration  was  also  given  te  seeondary  criteria  of  success.  The  subjects 
were  instructed  te  fly  the  rendezvous  maneuvers  in  suoh  a  way  that  their 
velocity  at  the  moment,  of  Impact  with  the  target  satellite  was  as  low  as 
possible.  The  subjects  were  told  that  terminal  velocities  below  10  feet  per 


15 


AmL-TER-62-138 


a  Mood  were  dealrad.  A  comparison  of  dot*  for  the  two  control  systems  reveals 
that  tha  orthogonal-thrust  system  yielded  a  lover  landing  velocity  than  did  the 
pitch- thrust  ays  tan.  Tha  naan  impact  velocity  for  tha  60  auooasaful  trials 
with  tha  orthogonal-thrust  controls  was  4*61  feet  par  second.  Tha  average 
terminal  Telocity  for  tha  35  successful  runs  with  tha  pitelwthruet  controls 
was  7*86  feat  par  sMond.  Tha  inpact  Telocity  ranges  for  tha  two  aystans 
ware  12*75  and  24*50  feat  par  second,  respectively. 

The  naan  inpact  velocity  data  for  runs  free  each  position  with  eaoh 
control  systeai  are  plotted  in  Figure  8*  Average  terminal  velocities  for  tha 
different  starting  positions  with  tha  orthogonal-thrust  system  ware,  in  order 
of  increasing  range  of  tha  starting  point,  6*65,  3*82,  4*57  and  3*42  feet  par 
second.  liq>aet  rates,  in  tha  sane  order  for  tha  pitch- thrust  system  ware  5*19, 
9*00,  6.21  and  12*64  feat  par  second. 


Figure  8 

Velocities  of  Impact  upon  the  Target  Satellite 
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Another  secondary  orltaricn  of  rendesvous  auooess  vu  speed  of  inter- 
o  option.  The  subjects  were  ins  true  ted  to  aoooapliah  the  intereeptios  of  the 
target  satellite  as  rapidly  as  possible  consistent  with  the  other  criteria. 

Total  ties  to  rendezvous  was  recorded  for  all  suooessful  trials.  However, 
since  rendesvous  range  varied,  total  time  to  lnpaot  was,  for  all  trials, 
divided  by  range  to  make  comparisons  neanlngful.  Hie  resulting  neasure  was 
seeonds  per  foot)  high  sooree  Indloatlng  relatively  long  rendesvous  tines 
and  low  scores  indloatlng  relatively  rapid  runs.  The  nean  tine  score  for  the 
60-orthogonal  thrust  trials  was  0.045  seeonds  per  foot.  The  nean  tine  soore 
for  the  35  suooessful  pitch- thrust  runs  was  0.070  seeonds  par  foot.  Thus,  the 
orthogonal-thrust  rendesvous  runs  were  node  In  less  tine  than  the  piteh-thrust 
runs.  The  tine  soores  ranged  from  0.024  to  0.065  seconds  per  foot  with  the 
orthogonal^ thrust  controls,  and  from  0.038  to  0.140  seeonds  per  foot  for  the 
suooessful  runs  with  the  pitch- thrust  controls. 

Mean  tine  soores  with  the  orthogonal-thrust  ays  tea  for  trials  froa  each 
starting  position  .were.  In  order  of  increasing  range  of  the  Initial  position, 
0.059,  0.044,  0.035,  and  0.041  seconds  per  foot.  Tine  soores  for  the  suooessful 
pitch-thrust  ays  tan  trials,  given  In  the  sane  order,  were  0*106,  0.070,  0.055, 
and  0.047  seconds  par  foot.  These  data,  converted  to  average  velocity  In  feet 
per  second,  are  plotted  In  Figure  9. 

The  anount  of  fuel  oonsuned  during  each  rendesvous  attempt  was  recorded  by 
the  experimenter  at  the  end  of  each  suooessful  trial.  Subjects  had  been 
instructed  to  try  to  conserve  fuel  by  nalnt&lning  moderate  interception  veloci¬ 
ties  and  by  carefully  planning  all  oourse  corrections.  Since  fuel  consumption, 
as  well  as  rendezvous  time,  oould  be  e  function  of  Initial  range  under  the 
conditions  of  the  experiment,  fuel  consumption  far  each  successful  trial  was 
divided  by  range  to  make  comparisons  between  initial  conditions  more  meaningful. 
The  resulting  data  were  expressed  in  terms  of  fuel  units  expended  per  foot  of 
Initial  range;  e  low  fuel  soore,  therefore,  indicates  good  fuel  management, 
and  a  high  fuel  soore  suggests  the  expenditure  of  relatively  large  amounts  of 
fuel.  Since  no  specific  fuel  was  assumed,  fuel  unite  are  unlabeled.  If  e 
specific  impulse  value  is  assueed,  fuel  units  could  be  converted  to  pounds. 

The  mean  fuel  soore  for  the  60  suooessful  orthogonal-thrust  trials  was 
O.OG435  units  par  foot.  The  35  suooessful  pitch- thrust  trials  were  flown 
with  an  average  fuel  soore  of  0.0050  units  par  foot,  indicating  slightly 
poorer  fuel  economy  than  that  achieved  with  the  orthogonal- thrust  control  system. 
Ranges  of  fuel  sooree  oa  individual  successful  trials  ware  0.0023  to  0.0128 
units  per  foot  end  0.0016  to  0.0215  units  per  foot  for  the  orthogonal-thrust 
end  pitoh- thrust  systems,  respectively. 
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Figure  9 

Functional  Velociti os  of  Rendezvous 

Orthogonal- thrust  system  naan  fuel  scores  for  trials  from  each  initial 
position  vara,  in  order  of  increasing  range,  0.0058,  0.0045,  0.0034,  and 
0.0037  units  per  foot.  Fuel  consumption  scores  on  the  successful  runs  with  the 
pitch-thrust  controls  were,  in  the  same  order,  0.0099,  0.0039,  0.0038,  and 
0.0024  units  per  second.  The  fuel  consumption  data,  converted  to  feet  of 
initial  distance  dosed  per  unit  of  fuel  consumed,  are  presented  in  Figure  10. 

Though  the  subjects  were  instructed  both  to  fly  the  rendesvous  maneuver 
in  a  short  time  and  also  to  rendesvous  with  a  snail  expenditure  of  fuel,  the 
investigator  realised  that  each  aubjeot  had  to  reach  soaw  compromise  between 
fuel  eoonony  and  time  economy.  To  some  extent  the  two  requirements  were 
incompatible.  The  rendesvous  could  be  aooo^llshed  quickly  if  it  were  done 
with  accuracy  and  a  high  rate  of  speed)  but  high  speeds  required  large 
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Figure  10 

"elotiva  Fuel  "omu'Tption 

expenditures  of  fuel.  Fuel  consumption  could  be  minimised  by  maneuvering 
accurately  and  by  maintaining  low  speeds)  but  low  speeds  necessarily  resulted 
in  large  time  costs.  In  order  to  take  both  time  and  fuel  factors  into  account 
when  making  data  comparisons,  the  two  criterion  measures  were  ecabined.  The 
resulting  measure  was  the  product  of  feet  per  second  and  feet  per  unit  of  fuel, 
or  range  squared  divided  by  the  product  of  time  and  fuel.  This  combined 
measure,  which  is  indicative  of  the  econoiqr  of  both  fuel  and  time,  was  called 
the  index  of  operating  efficiency.  A  high  index  indicates  economy  of  operation; 
a  low  index  indicates  relative  inefficiency. 

The  mean  index  of  operating  efficiency  for  the  60  trials  with  the  orthogonal- 
thrust  system  was  5760)  the  index  yielded  by  the  35  successful,  pltah-thrust 
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trials  was  4458.  Indices  of  Individual  orthogonal- thrus t  trials  ranged  from 
1348  to  13514.  The  range  of  indices  for  the  successful  pitch- thrust  trials 
was  332  to  10526.  Operating  efficiency  means  for  the  orthogonal-thrust  system, 
in  order  of  increasing  range  of  the  starting  point,  were  2950,  5000,  8333,  and 
6757.  Mean  indioes  of  operating  efficiency  of  the  pit eh- thrust  system,  in  the 
same  order,  were  875,  3597,  4587,  ®d  8772.  These  data  are  plotted  in  Figure  11. 


ORTHOGONAL.  THRUST  [ 


Figure  11 

Rendezvous  Efficiency  with  Various  Initial  Conditions 
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IV.  DI3CU3SI0H 


Any  oonolusloos  drawn  tram  tha  results  of  this  study  oust  taka  Into 
aooount  tha  limitations  of  tha  study.  Tha  apparatus  paras  anted  an  imperfect 
simulation  of  ooplanar  orbital  rendezvous.  Tha  simulation  was  laperfaot  to  tha 
extant  that  the  display  included  neither  earth  horison  nor  star  field}  in 
addition,  tha  image  of  tha  target  satellite  was  obviously  an  oscilloscope  display 
rather  than  an  optical  view  of  a  space  vehicle.  Tha  simulator  was  of  the  fixed- 
base  variety  which  provides  no  sensory  notion  cues  other  than  tha  visual  cues 
of  the  display.  Furthermore^  larger  subject  population  would  have  been 
desirable. 

Within  the  limitations  of  tha  experiment,  it  nay  be  concluded  that  the 
orthogonel- thrust  control  system,  which  provided  both  vertical  and  fore-aft 
thrust  capability,  was  superior  to  tho  pitch- thrust  system,  which  offered  fore- 
aft  thrust  and  pitoh  control.  Tha  Vileoxon-test  results  permit  this  conclusion, 
and  the  secondary  criteria  rasulta  support  it.  Hot  only  did  subjects  rendeavous 
on  100  par  cent  of  tha  orthogonal-thrust  trials  as  opposed  to  58  per  cent  of  the 
pitch- thrust  trials,  but  the  use  of  the  orthogonal-thrust  system  resulted  in 
lower  landing  velocities,  less  time  expenditure,  and  lower  fuel  consumption. 

In  addition  to  the  support  lent  to  tho  orthogonal  system  by  the  objective  data, 
the  subjects  reported  unanimous  preference  for  that  system.  Additional  dissuasion 
is  included  in  Appandlx  II. 

Tha  subjects  achieved  100  per  cant  rendezvous  success  with  the  orthogonal- 
thrust  system;  tha  degree  of  suooeea  of  interception  was  entirely  independent 
of  the  starting  position  of  the  subjeot's  vehicle  relative  to  the  target  satel¬ 
lite.  The  Madman  teat  indicates  that,  in  this  sxparlmamt,  rendezvous  capa¬ 
bility  was  also  independent  of  starting  position  with  the  pitoh- thrust  system. 

A  more  sensitive  experimental  design  might  reveal  differences  in  degree  of 
rendezvous  success  attributable  to  differences  of  initial  raige,  approach  angls, 
or  interceptor  orientation.  Such  a  conclusion  is  supported  by  the  data  pres  anted 
in  Figure  7.  Target  interception  with  the  pitch-thrust  system  was  30  par  cent 
successful  when  subjects  started  from  the  2000-foot  point,  but  only  47  per  oemt 
successful  from  tho  6000-  and  800Q-foot  starting  points.  Thsrs  appears  to  ba 
a  definite  trend  suggesting  that  successful  rendezvous  becomes  lass  certain  as 
rings  increases  when  subjects  are  using  the  pitch-thrust  controls.  Whan  rendez¬ 
vous  from  different  initial  positions  are  oozpered  on  tha  basis  of  impact 
velocity,  time  requirements,  and  fuel  consumption,  positional  differences  again 
appear  to  exist.  Future  experiments  could  be  designed  specifically  to  test  for 
'tike  existence  of  suoh  differences. 

Mean  impact  velocities  with  the  orthogonal-thrust  and  pitch- thrust  systems 
were  4*61  and  7.86  fast  par  second,  respectively.  Both  means  are  below  the  10 
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feet  per  second  figure  suggested  to  the  subjects,  and  both  are  certainly  low 
enough  to  be  absorbed  safely  by  a  human  landing  on  his  feet  or  proteoted  against 
shook*  The  orthogooal-systsa  landing  tpeeds  night  hare  been  even  lower  than  they 
were  if  the  subjeota  had  had  less  oonfldenoe  of  suooeeding  while  using  that 
system.  Some  subjects  appeared  to  be  so  oonfident  that  they  oould  intercept 
the  target  with  the  orthogonal  system  that  they  used  less  caution  in  -n-g 
course  corrections  or  in  programing  deceleration  thrusts  than  they  did  with 
the  pitch-thrust  systen*  With  the  pitch- thrust  system,  there  again  appeared 
to  be  a  deterioration  of  perforaance  as  range  increases* 

The  fact  that  interceptions  were  generally  made  in  shorter  tine  with  the 
orthogonal-thrust  systen  than  with  the  pitch-thrust  systen  was  probably  also 
due,  in  part,  to  the  subject's  greater  confidence  in  their  ability  to  achieve 
rendezvous  with  the  fomsr  systen*  The  subjeote'  confidence  apparently  resulted 
in  their  programing  higher  speeds  from  each  starting  position  when  using 
orthogonal  thrust  than  tiien  uaing  pitch- thrust  controls.  In  general,  the 
temporal  efficiency  of  rendezvous  increases  with  increasing  range  of  the 
starting  point  free  the  target. 

A  similar  trend  of  efficiency  is  suggested  by  the  fuel  consumption  data 
plotted  in  Figure  10.  Far  both  control  system  there  appears  to  bo  an  inoroaaa 
in  efficiency  of  foal  expenditure  as  range  increases*  Slightly  better  fuel 
consumption  records  were  made  with  the  orthogonal-thrust  system,  but  the 
differences  ware  relatively  small  eonpared  to  the  differences  measured  by  other 
criteria. 

In  view  of  the  efficiency  trends  suggested  by  the  tine  and  fuel  records, 
such  trends  should  also  be  refleeted  in  the  index  of  operating  efficiency  date 
which  waa  developed  from  the  tine  and  foal  scores*  Such  is  the  ease.  The 
higher  efficiency  of  operation  attained  on  the  long  range  trials  is  nost 
striking  in  the  data  for  the  pitch-thrust  system.  However,  only  suooeosful 
trials  contributed  data  to  the  naans  plotted  in  Figure  11,  and  fewer  successful 
rune  were  flown  from  the  distant  starting  positions.  The  average  efficiency 
of  operation  wee  again  higher  for  the  orthogonal- thrust  systen  than  for  the 
pitch- thrust  systen. 

In  general,  and  within  the  limitations  of  the  simulation,  evidence  has  been 
presented  suggesting  that  subjects  can  successfully  aooonplish  short,  ooplanar- 
orbital  transfer#  to  a  target  satellite.  Successful  rendezvous  can  be  made 
repeatedly  mad  reliably  even  with  nlnlMm  display  and  control  equipment,  if  both 
vertical  and  fom-aft  thrust  are  provided  by  the  pilot's  control  system.  Finally, 
impressions  gained  during  this  experiment  strongly  support  the  two  of  training 
simulators.  Situation  understanding  and  randesvetn  technique  can  be  strengthemsd 
intensely  through  training  with  realistic  simulators. 
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1PPBOIX  I 


CRBITAL  RENDEZVOUS  STUDY  INSTRUCTIONS 


Thia  study  is  om  of  s  ssriss  of  studios  dseignsd  to  investigate  human 
performance  la  piloting  a  snail  orbiting  space  vehicle  to  a  landing  on  a  large 
manned  satellite.  In  these  studies  you,  the  pilot,  will  have  no  tasks  other 
than  that  of  — a  soft  landing  on  a  target  spot  on  the  side  of  the  satellite. 
We  are  trying  to  find  out  bow  veil  people  can  do  this  job  with  only  very  simple 
controls  and  displays. 

In  this  particular  experiment  your  ship  is  orbiting  the  earth  in  the  same 
plane  (not  necessarily  the  same  altitude)  as  the  target  satellite  but  you  a ay 
be  above  or  below,  ahead  of  or  behind  your  destination,  or  sons  combination  of 
these.  Your  starting  position  will  be  within  2  miles  of  the  satellite;  you  will 
have  essentially  no  notion  relative  to  your  target  and  you  will  always  faoe  the 
target  at  the  beginning  of  the  run.  Your  vehicle  is  inertially  stabilised 
about  all  three  axes  but  you  will  have  sufficient  control  over  your  ship  to 
rendezvous  successfully. 

Your  task  in  this  study  is  a  rather  difficult  one  since,  owing  to  the 
nature  of  orbital  meohanios,  your  flight  path  will  not  always  correspond  to 
your  line  of  sight.  With  practice,  however,  the  task  oan  be  performed  very 
reliably.  There  are,  in  fact,  several  different  ways  of  successfully  making 
the  transfer  to  the  target.  Ve  will  illustrate  the  methods  we  want  you  to  use. 
Your  display  will  consist  of  an  oscilloscope  mounted  In  ft*ont  of  you.  The  face 
of  the  oscilloscope  represents  an  optical  window  in  your  vehicle .  This  window 
permits  a  total  viewing  angle  of  about  28  degrees  in  the  vertical  direction. 

The  target  satellite  is  seen  in  the  center  of  the  screen.  The  outer  circle  of 
the  target  represents  the  satellite's  150-foot  diameter;  the  small  spot  in  the 
center  of  the  cirole  represents  a  4-foot  diameter  landing  spot  on  which  you 
will  try  to  land. 

Your  only  due  to  your  distance  Aron  the  target  is  the  target's  sise  in 
the  window,  as  you  approach,  the  target  and  the  landing  spot  will  appear  to 
grow  larger,  but  the  landing  spot  will  not  appear  to  grow  larger  until  you  are 
within  375  feet  of  the  target.  When  you  have  travelled  half  the  distance  frost 
your  starting  point  to  the  satellite,  the  target  will  have  grown  to  twice  its 
original  sise.  Your  me  to  your  line  of  sight  (the  direction  you  are  facing 
relative  to  the  satellite)  is  the  displacement  of  the  target  from  the  center 
of  your  window.  If  the  target  is  above  the  eenter  of  the  window,  you  are 
pointed  below  the  target;  if  the  target  is  below  the  center  of  the  window, 
your  line  of  sight  is  above  the  target. 
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In  each  part  of  this  study  we  would  like  you  to  land  on  the  satellite 
at  a  low  velocity  using  as  little  tine  and  fuel  as  possible;  however.  In  view 
of  the  serious  oonsequencee  of  Biasing  the  target,  your  primary  task  will  be 
to  land  on  the  satellite  as  near  the  target  spot  as  possible,  regardless  of 
fuel,  tine,  or  velocity. 


PITCH-THRUST  ST STEM  INSTRUCTIONS 


You  have  two  control  stloks  In  front  of  you,  the  left  stick  controls 
forward  and  reverse  thrust,  thrust  always  acts  along  your  11ns  of  sight,  that 
is,  toward  the  center  of  your  window.  Push  the  left  stlok  forward  and  you  will 
accelerate  toward  the  center  of  the  screen  until  you  release  the  stick.  When 
you  release  the  Stick,  you  will  coast  forward  until  you  reverse  the  thrust  by 
pulling  back  on  the  stlok.  This  stick  is  a  proportional  oontrol.  A  stlok 
displacement  of  approximately  1  inch  will  yield  an  acceleration  of  1  foot  per 
second  per  second.  A  full  displacement  of  the  stlok  from  Its  center  position 
will  result  In  an  acceleration  of  3  feet  per  second  per  second.  For  example. 

If  the  stick  Is  held  at  the  extreme  forward  position  for  10  seconds,  you  will 
have  reached  a  velocity  of  30  feet  per  second. 

The  right-hand  stick  controls  the  pitch  angle  of  the  vehicle.  With  this 
stick  you  can  change  your  line  of  sight  and  therefore,  your  line  of  thrust  as 
well.  That  is,  if  you  have  applied  thrust  along  your  original  line  of  sight 
and  you  then  change  your  line  of  sight,  by  adjusting  the  right-hand  stlok,  and 
finally  apply  thrust  along  your  new  line  of  sight,  your  resultant  velocity  will 
be  the  vector  sum  of  your  original  thrust  and  the  added  thruet  along  the  new 
line  of  eight.  If  you  push  the  right  hand  stlok  forward,  the  vehicle  will 
pitch  down  (or  forward)  at  rates  up  to  3  degrees  per  second  (full  forward  on 
oontrol)  and  will  continue  to  pitch  until  the  stick  la  released.  Now  you  will 
remain  stabilised  In  the  new  position.  When  you  pitch  down  the  satellite 
image  will  move  upward  In  the  window.  If  the  pitch  stlok  Is  pulled  back  you 
will  pitch  up  (or  back)  at  rates  up  to  3  degrees  per  second.  Whan  the  stlok 
Is  released  you  will  be  stabilised  in  the  new  position.  When  you  pitch  up  your 
target  Image  will  move  downward  in  the  window.  One  Inch  on  the  screen  represents 
two  end  one-half  degrees  of  angle.  You  must  remember  that  in  a  space  vehicle 
merely  changing  your  pitch  angle  will  not  change  the  direction  in  tiiich  you  are 
travelling.  To  change  your  direction  of  travel  you  must  pitch  to  some  desired 
angle  and  apply  thrust  with  the  left  hand  stlok. 
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CRTHOGONAL-THRUST  SYSTEM  IKSTRUCTIORS 


You  have  two  control  sticks  in  front  of  you.  Ths  loft  stick  controls 
forward  and  reverse  thrust.  Thrust  always  acts  along  your  lino  of  sight,  that 
is,  toward  the  center  of  your  window.  Push  the  left  stick  forward  and  you  will 
accelerate  toward  the  center  of  your  screen  until  you  release  the  stick.  When 
you  release  the  stick,  you  will  coast  forward  until  you  reverse  the  thrust  by 
pulling  book  the  stick.  This  stick  is  a  proportional  control,  A  stick  displace¬ 
ment  of  approximately  1  inch  will  yield  an  acceleration  of  1  foot  par  second 
per  second.  A  full  displacement  of  the  stick  from  its  center  position  will 
result  in  an  acceleration  of  3  feet  per  second  per  second.  For  example,  if 
the  stick  is  held  fully  forward  for  10  seconds,  you  will  here  reached  a  velocity 
of  30  feet  per  second. 

The  right  hand  atiek  controls  vertical  or  up-and-down  thrust  of  your 
vehicle.  With  this  stick  you  can  move  above  or  below  your  original  line  of 
sight.  If  you  pull  ths  stick  back  or  down,  you  will  nova  downward  and  the 
target  will  therefore  move  upward  in  your  window.  If  you  push  ths  stlok 
forward  or  up,  you  will  move  upward  and  consequently,  the  target  will  nova 
downward  in  your  window.  If  you  hare  pushed  the  £iek  forward  to  nova  upward 
and  hare  then  released  the  stick,  you  will  continue  to  coast  upward  until 
you  reverse  the  thrust  by  pulling  baok  an  the  stick.  This  stick  Is  also  a 
proportional  control  yielding  accelerations  fro*  1  foot  par  second  per  second 
to  3  feet  per  second  per  second.  Che  inch  on  the  careen  represents  2&  degrees 
of  visual  angla. 
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APFBDIX  n 

SPECUULTIOKS  ABOUT  HEMJEZVOUS  TECHNIQUE 


The  foregoing  report  dseerlbef  the  results  of  an  experiment  designed  to 
Investigate  human  ability  to  perforn  short  ooplanar  orbital  transfers  with  two 
different  types  of  eontrol  eye  tees.  The  formal  experiment  was  preceded  by  a 
lengthy  period  of  Investigation  of  orbital  situations,  control  parameters,  and 
rendezvous  flight  techniques*  The  preexperlmant  period  was  an  invaluable 
learning  period  for  the  experimenter*  The  most  Interesting  and  perhaps  most 
valuable  sessioas  were  devoted  to  exploring  different  methods  of  flying  the 
rendezvous. 

The  orthogonal-thrust  system  afforded  relatively  little  opportunity  for 
trying  different  flight  techniques)  rendezvous  was  accomplished  relatively 
simply  with  the  orthogonal  system.  Forward  thrust  was  applied  first  to  accel¬ 
erate  the  pilot  toward  the  target  satellite*  As  the  pilot' i  vehicle  approached 
the  target,  sufficient  reverse  thrust  was  applied  so  that  Impact  velocity  was 
on  the  order  of  4  feet  per  second.  Corrections  vertical  to  the  lln»-of -eight 
flight  path  were  made  continuously*  Traces  1  -  12  in  Figure  12  are  examples  of 
one  subject's  rendezvous  trials  with  the  orthogonal-thrust  eontrol  system.  The 
normal  rendezvous  technique  oould  be  varied  a  lightly  by  varying  the  time  between 
vertical  (up-down)  eouree  corrections*  A  further  variation  oould  be  made  by 
applying  a  relatively  large  vertical  thruat  shortly  after  applying  forward 
thrust*  Such  vertical  thrust  would,  at  first,  move  the  pilot  away  from  his 
lime  of  sight  course*  But  the  mechanics  of  the  orbital  situation  would  eventually 
cause  him  to  drift  back  toward  his  original  lima  of  sight  if  the  applied  thrust 
had  bean  of  approximately  the  appropriate  magnitude.  The  subjects  in  the  experi¬ 
ment  did  not  deviate  significantly  from  the  use  of  the  first  method  mentioned 
above* 

The  pitch-thrust  control  system  was  Invariably  characterized  by  wide 
variations  of  rendezvous  technique.  In  theory  e  two-impulse  rendezvous  may  bo 
flown  with  the  pitch-thrust  system  by  accelerating  at  acme  angle  to  the  original 
pilot-target  line-of-slght,  coasting  toward  the  target,  and  applying  reverse 
thruat  before  impact  to  decelerate  to  an  aooaptable  landing  velocity.  In 
practice  the  subjects  oould  seldom  accomplish  this  minimum  fuel  maneuver,  because 
of  the  primitive  nature  of  their  display  information.  To  perform  the  two 
impulse  maneuver  successfully,  the  pilot  mst  apply  precise  amounts  of  thrust 
in  exactly  appropriate  directions.  Figure  13  illustrates  the  flight  paths 
resulting  from  nine  different  attitude-thrust  combinations  in  a  case  where  the 
pilot's  vehlola  is  4000  fast  ahead  of  the  target  satellite  and  at  the  same 
altitude*  The  paucity  of  information  supplied  by  the  pilot's  display  In  this 
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study  almost  precluded  his  being  able  to  sake  so  curate  Judgments  about  levels 
of  thrust  aid  angles  of  firing.  Any  additional  display  information  would 
probably  have  helped  the  subjects.  The  subjects  suggested  that  information 
about  vehicle  attitude  or  velocity  vector  direction  would  hare  been  most 
helpful.  Velocity,  range,  and  range-rate  displays  would  probably  also  have 
helped  the  subjects  to  improve  their  performance.  The  difficulty  of  making 
accurate  judgments  became  apparent  during  the  deceleration  phase  of  the 
rendezvous.  The  subjects'  initial  choices  of  angles  and  levels  of  thrust  were 
generally  fairly  suitable  for  the  rendeivoua  situation  presented.  Additionally, 
snail  inaccuracies  of  acceleration  programming  could  be  compensated  for  by 
appropriate  deceleration  maaeuvaring.  If  a  subject  made  an  error  in  decelerating, 
however,  he  generally  passed  by  the  target  before  be  oould  make  course  corrections 
to  compensate  for  his  error.  Traces  13  -  24  in  Figure  12  are  examples  of  one 
subject's  rendssvous  trials  with  the  pitch  thrust  system.  Trace*  13,  21,  and  23 
are  typical  of  the  results  achieved  in  trials  where  large  terminal  corrections 
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were  attempted.  Trace  14  Is  an  unusally  successful  tarn  Inal  course  correction. 
Three  different  techniques  were  tried  in  ettenpts  to  reduce  the  problems  of 
accurate  deceleration  prograamlmg. 

Since  low  rendezvous  velocities  might  allow  more  time  for  terminal  oourse 
corrections,  trials  were  made  with  very  low  levels  of  initial  thrust.  These 
trials  were  relatively  unsuccessful,  because  while  more  time  was  available  for 
corrections,  large  attitude  angle  changes  were  required,  and  subjects'  angle 
judgments  were  poor  for  mgles  greater  than  15  degrees  from  the  line  of  sight 
(target  no  longer  visible  on  screen).  Reducing  the  magnitude  of  required 
attitude  changes  by  increasing  the  rendezvous  velocity  simply  aggravated  the 
original  problem  of  the  Insufficiency  of  time  available  for  terminal  oourse 
changes.  The  randesvous  technique  that  finally  evolved  from  the  preexperlmant 
investigation  required  that  the  subject  seleot  a  pitch  attitude  angle  that  he 
felt  would  be  appropriate  for  the  orbital  situation  presented.  The  subjeot 
applied  forward  thrust  at  the  choeen  angle,  and  than  observed  the  target  as  he 
coasted  toward  it.  A a  soon  as  the  subjeot  felt  that  ha  should  asks  a  course 
correction,  he  decelerated  to  remove  as  much  of  his  initial  velocity  as  possibls, 
and  then  selected  a  new  firing  angle  end  onee  more  applied  forward  thrust.  This 
method  of  successive  corrections  did  not  take  advantage  of  the  pitch- 

thrust  system's  capability  for  making  minimum  fuel  rendesrous,  but  it  seemad  to 
produce  the  moat  reliable  results.  Most  subjects  used  some  minor  variations  of 
this  last  method. 

The  capacity  of  the  pitch- thrust  system  to  permit  minimum  fuel  rendesrous, 
end  the  tendency  of  the  sub j cote  to  at  least  appraxlnate  the  ideal  two-impulse 
rendesrous  maneuver  explains  the  relatively  high  efficiency  of  the  pltolwtfaruat 
system  for  randesvous  tram  initial  positions  that  were  distent  from  the  target. 

In  the  8000-foot  randesvous,  subjects  coasted  for  about  6000  feet  without  using 
fuel  when  operating  with  the  pitch-thrust  system.  Conversely,  on  the  8000-foot 
maneuver,  subjects  using  the  orthogonal-thrust  system  were  making  vertical 
course  corrections,  and  thereby  using  fuel  ,  during  their  entire  flight.  Been 
when  the  efficiency  of  an  unsuccessful  rendesrous  attempt  Is  evaluated  as  saro, 
the  8000  foot  pitch-thrust  runs  ooapare  quits  favorably  with  the  orthogonal- 
thrust  trials  because  of  tbs  difference  between  the  two  systems  in  their 
roqulr— write  far  oamstent  oourse  oorreotiaos  (figure  14), 

Two  simple  hypotheses  can  be  formulated  shout  fuel  oonsuaptloo  In  rendez¬ 
vous.  All  factors  associated  with  each  starting  point  that  can  effect  fuel 
consumption  are  again  disregarded  except  for  Initial  range.  Than  foal  consump¬ 
tion  can  be  hypothesised  to  be  either  directly  proportional  to  Initial  range, 
or  Independent  of  range.  The  first  hypothesis,  la  effect,  states  that  the 
fuel  expended  In  providing  the  initial  acceleration  and  final  deceleration  is 
nsgliglbls  ocstpsred  to  tbs  fuel  consumed  in  making  course  corrections,  and 
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Figure  14 

Uncorrected  Operating  5ffieionci.es  of  the  Two  Control  Systems 

that  the  umber  or  Magnitude  of  course  correction*  are  directly  proportional 
to  the  Initial  range.  The  second  hypothesis  suggests  that  oourse  correction 
fuel  consumption  Is  negligible  ocnparad  to  initial  and  final  thrust  fuel 
oonsunptlcn,  nod  that  the  fuel  eonsuned  la  Initial  and  final  thrusts  Is 
Independent  of  Initial  range.  The  first  hypothesis  was  one  prediction  of  the 
behavior  of  subjects  using  the  orthogonal-thrust  control  system.  The  second 
hypothesis  was  a  prediction  of  fuel  consumption  for  pitch-thnmt  system  trials 
with  subjects  successfully  accomplishing  two- impulse  rendezvous  while  holding 
speed  constant  and  permitting  rendezvous  tins  to  vary  with  Initial  range.  If 
the  fuel  ocnsumpticn  during  the  2000-foot  trials  Is  considered  to  be  a  base¬ 
line,  in  Figures  15  and  16  Indicates  the  fuel  that  should  be  nnnsunert 
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during  rendemroua  fro*  different  ranges  If  fuel  oonsunptlen  Is  directly 
proportional  to  initial  range*  E 2  in  Figures  15  and  16  indicates  the  expeoted 
relation  between  fuel  soneuaptlen  and  initial  range  if  the  two  rariablee  are 
Independent  of  each  other*  Figures  15  and  16  respectively  also  present  the 
quantities  of  fuel  actually  ooneuned  during  suooessful  rendesvous  trials  from 
starting  point  for  the  orthogonal- thrust  and  pitch- thrust  systens* 


Figure  15 

Fuel  Consumption  of  the  Orthogonal-Thrust  Control  System 

The  fuel  actually  eonsmeed  in  the  s isolator  trials  with  tbs  orthogonal- 
thrust  system  (Fig.  15)  lies  bolov  the  directly  proportions!  prediction  (H^), 
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augg eating  that  either  the  foal  eearawd  is  ea un«  oarractloaa  vti  laas  than 
proportional  to  ruga,  or  Initial  aaoalaratien  and  final  daealaration  aaaountad 
for  a  algnifieant  portion  of  tha  foal  oonawad;  both  explanations  nay  ba  eorraet 
Tha  foal  ooMunptlon  data  for  tha  ainolatad  pi  toh- throat  oantrol  triala  (Fig  16) 
eloatar  along  tha  n—  pradieting  indapandanea  of  ranga  and  foal  oensunption 
(HU).  In  soaoaaaful  rendaraoa  triala,  than,  pilots  apparantly  vara  able  to 
approximate  tha  ainlnni  foal,  two-inpolaa  nanaurar. 


Figaro  16 

Fuel  Consumption  of  the  i'itch-Thrust  Control  System 
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The  fuel  •oaoomj  ot  the  pi teb- throat  system  and  the  reliability  ef  the 
orthogonal- thrust  eye  tea  aey  be  realised  in  a  control  ayatea  that  ooabinee  the 
oepabilitiee  of  pitoh  control  end  orthogonal^ thruat  arse.  Suoh  a  oontrol 
ayatea  vould  retain  the  tuo-lapulsa  rendesyoue  oapaeity  of  the  pitoh-thruat 
ayetea  and  would  also  penlt  accurate  terainal  maneuvers.  The  ooahlned 
ayatea,  however,  would  neoeaearily  be  aore  conplex  and  aore  massive  than  either 
of  the  two  original  oontrol  system. 

Accuracy  and  reliability  of  randesvous  mat  remain  the  primary  criteria 
for  the  evaluation  of  tho  rendesvoua  oontrol  system.  Anticipated  frequency 
of  use  could  dictate  whether  the  orthogonal  thrust  or  the  ooahlned  oontrol 
ayetea  would  bo  tho  aore  eoonoaieal  orbital  rendesvooa  oontrol  ayatea. 
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